for coastal habitats and economies. Narragansett Bay (NB), Rhode Island, USA, is a medium 26 sized estuary that is heavily influenced by anthropogenic activities and has been plagued by 27 macroalgal blooms for over a century. Over the past decade, significant investment has upgraded 28 wastewater treatment from secondary treatment to water-quality based limits (i.e. tertiary 29 treatment) in an effort to control coastal eutrophication in this system. The goal of this study was 30 to improve the understanding of multi-year macroalgal bloom dynamics through intensive aerial 31 
Abstract 23
All three macroalgal clades (Chlorophyta, Rhodophyta, and Phaeophyceae) contain 24 bloom-forming species. Macroalgal blooms occur worldwide and have negative consequences 25 for coastal habitats and economies. Narragansett Bay (NB), Rhode Island, USA, is a medium 26 sized estuary that is heavily influenced by anthropogenic activities and has been plagued by 27 macroalgal blooms for over a century. Over the past decade, significant investment has upgraded 28 wastewater treatment from secondary treatment to water-quality based limits (i.e. tertiary 29 treatment) in an effort to control coastal eutrophication in this system. The goal of this study was 30 to improve the understanding of multi-year macroalgal bloom dynamics through intensive aerial 31 and ground surveys conducted monthly to bi-monthly during low tides in May-October 2006-32 2012 in NB. Aerial surveys provided a rapid characterization of macroalgal densities across a 33 large area, while ground surveys provided high resolution measurements of macroalgal identity, 34 percent cover, and biomass. 35
Macroalgal blooms in NB are dominated by Ulva and Gracilaria spp. regardless of year 36 or month, although all three clades of macroalgae were documented. Chlorophyta cover and 37 nutrient concentrations were highest in the middle and upper bay. Rhodophyta cover was highest 38 in the middle and lower bay, while drifting Phaeophyceae cover was patchy. Macroalgal blooms 39 of >1,000 grams fresh mass (gfm)/m 2 (max = 3,510 gfm/m 2 ) in the intertidal zone and > 3,000 40 gfm/m 3 (max = 8,555 gfm/m 3 ) in the subtidal zone were observed within a heavily impacted 41 embayment (Greenwich Bay). Macroalgal percent cover (intertidal), biomass (subtidal), and 42 diversity varied significantly between year, month-group, site, and even within sites, with the 43 highest species diversity at sites outside of Greenwich Bay. Total intertidal macroalgal percent 44 cover, as well as subtidal Ulva biomass, were positively correlated with temperature. Dissolved 45 inorganic nitrogen concentrations were correlated with the total biomass of macroalgae and the 46 subtidal biomass of Gracilaria spp. but not the biomass of Ulva spp. Despite seasonal reductions 47 in the nutrient output of wastewater treatment facilities emptying into upper Narragansett Bay in 48 recent years, macroalgal blooms still persist. Continued long-term monitoring of water quality, 49
Introduction
Macroalgal blooms are a worldwide hazard that damage coastal habitats and economies 55 by outcompeting perennial macrophytes and phytoplankton for light and nutrients ( Narragansett Bay presents the opportunity to monitor the impacts of regulatory nutrient permit 110 limit revisions that required wastewater treatment facilities (WWTFs) to decrease their inputs to 111 the Bay. These regulations were implemented in stages from 2006 to 2014 and, as of 2015, they 112 have resulted in more than a 50% decrease in nitrogen loads from WWTFs (A. Liberti, personal 113 communication). In response to this phased decrease, it was predicted that a corresponding 114 decrease in the observed abundance of macroalgae in the lower Providence River and Upper 115 Narragansett Bay would occur, as these areas are closest to the sewage point sources (Deacutis, 116
2008). Results of these surveys provide large-and small-scale documentation of macroalgal 117 distribution patterns in a eutrophic estuary as well as a long-term data set that can aid in 118 distinguishing between interannual variability and management-linked decreases in bloom 119 biomass and/or alterations in macroalgal diversity. 120 121
Methods 122

Abiotic Influences in Narragansett Bay 123
Narragansett Bay is a medium-sized estuary (370 km 2 , Ries, 1990 ) on the southern coast 124 of New England, USA (Fig. 1) . It has large anthropogenic nutrient loads, with the majority of 125 nutrients coming from WWTFs (Nixon et al., , 2008 Pryor et al., 2007) . Low freshwater 126 inflows (Ries, 1990) , along with extensive damming of the rivers in the 1800's (Nixon et al., 127 1995), resulted in the majority of the estuary having polyhaline waters. A small mesohaline zone 128 is present in the upper estuary (Providence and Seekonk tidal rivers), although the extent of this 129 zone is dependent on river flows. Water residence time varies seasonally and among years, 130 linked directly to river flows. Maximum residence time (~35 days) occurs during the summer 131 months (July-September), while the minimum residence time (~20 days) occurs in spring when 132 river flows peak (February-April; Pilson, 1985 
Data Collection 148
Aerial oblique digital photographs of macroalgal presence were collected along the 149 western shore of NB once a month within ± 2 hours of spring low tide from May through 150
October 2007 to 2012. Narragansett Bay experiences semi diurnal tides with a tidal range of 1.0-151 1.5 m (https://tidesandcurrents.noaa.gov/). A helicopter was flown along the lower intertidal-152 subtidal zone at a distance of 160 ± 73 m from shore and an altitude of 113 ± 28 m at a 153 horizontal speed of 60-90 km/h. Photographs were taken using a Kodak DCS Pro 14N high-154 resolution (14 MP) digital camera with a Nikkor 14 mm rectilinear wide angle lens. The camera 155 was handheld at an oblique downward angle to capture images encompassing the area below the 156 helicopter to the shoreline; images were recorded automatically every 10 seconds. A wide area 157 augmentation system (WAAS) enabled Garmin GPS Map 76 device was connected to the 158 camera to record GPS locations with each image. 159 tide at up to 17 sites (median of 8 sites/survey) spread across the aerial trackline (Fig. 1) . At each 161 site, the dominant macroalgal species were photographed and recorded. For species of 162 questionable identity, whole thalli were collected and returned to the lab for a thorough 163 morphological examination. Due to the cryptic morphology of Ulva species in this area (Guidone 164 et al., 2013) , the morphological characteristics observed (blade or tubular; attached or 165 unattached) were recorded rather than identifying Ulva thalli to the species level. 166 167
Image Analysis 168
Each photograph represented one sample point along the estuarine shoreline. Where the 169 same macroalgal beds could be observed in sequential images, the image analyzer recorded the 170 observable bed density across images, typically combining two images as a single data / density 171 value for each taxa. All digital photographs with adequate image quality (clear edges to objects; 172 minimal glare; adequate coverage of the intertidal and subtidal zones) were mapped using Arc 173 GIS 9.2. Photographs were rendered from Kodak Raw format into GPS-stamped tiff files using 174 Kodak DCS Photodesk software. All tiffs were then identically enhanced in Adobe Photoshop 175 CS with automatic histogram equalization and saturation increases. Photographs were then 176 analyzed visually for ordinal density classification of the Chlorophyta, Rhodophyta, and 177 Phaeophyceae present; visual classification was confirmed via comparison to ground-truthing 178 results. Macroalgal densities were categorized into five ordinal density classes ranging from 179 none (0) to very dense (4) based on the Paine (1981) classification scheme (Table S1 ). The 180 minimum size of objects that could be satisfactorily recognized was estimated at 2 m 2 (15 x 25 181 pixels). 182 183
Statistical Analysis 184
For statistical analysis, the western shoreline of NB was divided into three regional 185 segments: upper, middle, and lower Bay, each of which was further subdivided into finer 186 were grouped together into two-month units to account for missing data from months when aerial 188 surveys could not be conducted due to inclement weather (n = 0-1 month/year, except 2010 189 where n = 2). Month-groups were defined as May-June, July-August, and September-October. 190
Ordinal logistic regression was used to identify significant differences among Chlorophyta, 191
Rhodophyta, and Phaeophyceae algal density classes among survey years, month-groups, 192 regions, and subregions nested within region (JMP v. 12). To ensure a fully factorial analysis, 193 data from 2010 were excluded from these regression models, as aerial surveys could not be 194 For intertidal surveys, two 10 m transects were sampled per site. These were placed 212 parallel to the shoreline and located at least 30 m apart from each other. At every meter along 213 each transect, a 0.25 m 2 quadrat was used to assess the percent cover of each algal species as well 214 as of bare space. The identity and abundance of each invertebrate species present within the 215 quadrats was also recorded. All living algal material was removed from each quadrat, placed into 216 labeled plastic bags, and returned to the laboratory. In the laboratory, algae were rinsed in 217 seawater to remove all sand and debris, spun in a salad spinner to remove excess water, and 218 weighed to determine the total algal wet mass (grams fresh mass, gfm). Intertidal algal biomass 219 per unit area was calculated by taking the gfm in a quadrat (0.25 m 2 ) and multiplying it by a 220 factor of 4 to obtain gfm/m 2 . 221
For subtidal surveys, one 30 m transect was sampled per site; this transect was placed 222 perpendicular to the shore. At every third meter, all living material was removed from a 0.4 m by 223 0.5 m area using a dip net with a 6 mm mesh pore diameter. The water depth was also recorded 224 in order to calculate the volume of water sampled. All algae were placed in labeled plastic bags, 225 transported to the lab, rinsed, spun in a salad spinner, and sorted to the species level. In some 226 instances, species identification was not possible because multiple species in the same genera 227 have significant overlap in morphological characteristics, which require molecular sequencing 228 
Data Analysis 237
Differences in macroalgal community composition for both the intertidal and subtidal 238 surveys were assessed by calculating a Bray-Curtis similarity matrix on square-root transformed 239 data, followed by an analysis of similarity (ANOSIM) to assess differences in year and month-240 Therefore, data imputation was used to represent the uncertainty around the missing data points, 255 after which fully-factorial analyses were re-run using each possible outcome. Multiple data 256 imputations to replace missing data points resulted in similar conclusions (G. Puggioni, personal 257 communication; Frimpong and Angermeier, 2009). All ANOVA analyses were conducted using 258 JMP (v. 12). To further assess differences among years and month-groups for the bloom-forming 259 season, total macroalgal biomass for both intertidal and subtidal transects were also analyzed 260 using multi-dimensional scaling plots on square root transformed data (Primer v.6.0, Primer-E 261 Ltd, Plymouth, UK). Additionally, the Shannon-Wiener species diversity index was calculated 262 for each intertidal quadrat (using percent cover) and subtidal net sweep (using biomass) to assess 263 diversity differences in year, month-group, and site in a three-way ANOVA with Tukey post-hoc 264 analyses using a fully-factorial design for the bloom period month-groups and imputation 265 analysis to confirm ANOVA results (as described above). 266 assessed using Spearman Rho correlations (JMP v. 12). Mud snail (Ilyanassa obsoleta) and total 268 invertebrate density excluding mud snails were examined against the subtidal biomass of Ulva 269 blades, Ulva tubes, Gracilaria spp., and total macroalgae for all subtidal sites. 270
Correlations between monthly abiotic conditions and macroalgal biomass were examined 271 using Spearman Rho correlations (JMP v. 12 
Results 286
Aerial Survey 287
In total 6,515 photographs from 25 aerial surveys conducted from 2007 to 2012 were 288 analyzed. Ground-truthing surveys confirmed that, due to the resolution limitation of 2 m 2 , 289 observable patches of Chlorophyta and Rhodophyta tended to be large drift ephemeral patches. 290
Fucus spp. and Ascophyllum nodosum (Phaeophyceae), when present, were attached to rocky 291 substrata and difficult to distinguish in the photographs. On rare occasions, drift 292 clearly observable in the photographs. 294
Ordinal logistic regression analysis demonstrated significant density class differences 295 among years, month-groups, regions, and subregions, as well as significant interactions among 296 all factors, for the Chlorophyta and Rhodophyta (Table S3 ). For Phaeophyceae density classes, 297
only the four-way interaction term was significant in the whole model analysis (Table S3) . 298
Subsequent ordinal logistic regression analysis by year indicates that in four of the five analyzed 299 survey years Phaeophyceae density classes varied significantly by subregion (Table S4) . 300
Across all aerial surveys, Chlorophyta densities were higher in the middle and upper bay 301 than in the lower bay ( Reach, and Conimicut (Fig. S1A) . Density class 4 was also most closely associated with the 306 survey year 2008, which is the year that the densest mats of Chlorophyta were observed across 307 the middle and upper bay. In contrast, Rhodophyta densities were greater in the middle and 308 lower bay, where a greater frequency of density classes 2 and 3 occurred (Fig. 3) ; multiple 309 correspondence analysis showed a close association between density class 3 and the middle bay 310 subregion Wickford and the lower bay subregions Lower West Passage 1 and Lower West 311
Passage 2 (Fig. S1B) . A close association between Rhodophyta density class 0 and upper bay 312 subregions Upper Providence River and Bullock Reach (Fig. S1B) was also observed. The 313 majority of observations for Phaeophyceae were in the 0 density class for all three Bay regions, 314 although the lower bay had the greatest frequency of the class 1 Phaeophyceae ( Fig. 3; Fig.  315 S1C). Phaeophyceae in the middle and upper bay regions that did exceed 10% cover were 316 observed during ground-truthing to consist of drift Punctaria/Petalonia spp. Phaeophyceae 317 density never reached a class 4 density (> 70% cover). 318 319
Full-year community analyses 321
Three major species groups, Ulva blade (Fig. 4A) , Ulva tube (Fig. 4B) , and Gracilaria 322 spp. (Fig. 4C-D) , were major contributors to the macroalgal community across both years and 323 month-groups. While species abundance and composition significantly varied across month-324 groups and years in both the intertidal and subtidal, Global R values were low, suggesting little 325 differences among years and month-groups (Table S5 -S7). In the intertidal habitats, Ulva blades, 326
Ulva tubes, Gracilaria spp., as well as Ceramium spp. were consistently abundant each year, 327 cumulatively contributing 68.91% to 92.92% of the relative similarities among study years 328 (Table S8 -S10). These species were also present throughout each year, although the actual 329 abundance varied seasonally, consistently contributing 63.47% to 94.00% of the relative 330 similarities for each month-group. Petalonia/Punctaria spp. was observed in relatively high 331 abundances only from January to April (Table S10) . Subtidally, across all years Gracilaria spp. 332 tended to be the most abundant macroalgae, contributing between 47.65% and 58.61% of the 333 relative similarity, although Ulva blades and Ulva tubes were also major contributors. Similarly, 334 within each year (across all month-groups), these three groups were the most abundant species 335 present (Table S11-S14; Fig. 4E-F) ). 336 337
Macroalgal abundance during the bloom-forming season 338
Consistent yearly, bimonthly, and site patterns were not detected within the ground 339 survey data. Three of the measured intertidal bloom features -mean total algal biomass, mean 340 total algal percent cover, and the mean percent cover of Ulva blades -were significantly affected 341 by survey year, month-group, site, and transect within site, with significant interactions observed 342 for all factors (Table S15 ). The mean percent cover of Ulva tubes significantly differed with all 343 examined factors except month-group, while the mean percent cover of Gracilaria significantly 344 differed with all factors except transect; both Ulva tubes and Gracilaria mean percent cover 345 demonstrated significant interactions among all variables (Table S15 ). Multivariate analysis via 346 the intertidal survey month-groups (Fig. S2) or years (Fig. S3) . 348
Among the intertidal samples, the highest mean total algal biomass was 3,510 ± 946 349 gfm/m 2 , observed in July-August of 2006 at Sylvia Drive ( Fig 5A) ; (Fig. 5B) . (Fig. S4) , Ulva tubes % cover peaked at Sandy Point, 357
Sylvia Drive, Budlong Farm, and Oakland Beach (Fig. S5) , and Gracilaria % cover peaked at 358
Oakland Beach and Goddard State Park (Fig. S6) . and Sandy Point) than in all inner bay sites combined (Fig. 6A) . Intertidal diversity remained 363 consistent within the bloom season each year, with no significant differences observed for 364 month-group (Table S16 ; Fig. 6B ). Diversity differed among years, with peak diversity observed 365 in 2010 (Fig. 6C) . In general, Scytosiphon lomentaria and Punctaria/Petalonia were observed 366 from May-June, Agardhiella subulata from June-October, and Ceramium virgatum, Gracilaria 367 spp., Ulva blade, and Ulva tube from May-October (Figs. S7-S14) . 368
Within the subtidal surveys, mean Ulva blade and Ulva tube biomasses were significantly 369 affected by all factors, with significant interactions (year, month-groups, and site; Table S17 ). 370
Mean total subtidal algal biomass was significantly affected by all factors except month-group, 371 though all interactions were significant (Table S17 ). In contrast, mean Gracilaria spp. biomass 372 only differed significantly when the interactions of month-group and/or site were considered 373 4,263 gfm/m 3 in July-August 2011 at Sandy Point (Fig. 7) , an event that was dominated by Ulva 375 blades (Fig. S15) . Additional substantial (mean > 3,000 gfm/m 3 ) total subtidal biomass events 376 were observed at Sandy Point, Budlong Farm, and Warwick City Park (Fig. 7) . Ulva blades 377 consistently dominated at Sandy Point, while Gracilaria spp. dominated the September-October 378 2012 event at Warwick City Park; in contrast, the two largest events at Budlong Farm consisted 379 of a mix of Ulva blades, Ulva tubes, and Gracilaria spp. (Figs. S15-S17 ). Of the three bloom 380 species complexes, Ulva tubes had the smallest maximum subtidal biomass, with biomasses most 381 often < 200 gfm/m 3 at all sites (Fig. S16) . Consistent with the intertidal analysis, MDS did not 382 reveal any significant relationships with respect to total macroalgal biomass among the subtidal 383 years (Fig. S18 ) or month-groups (Fig. S19) . 384
Species diversity also varied significantly across year (F6, 2130=5.12, p<0.01), month-group 385 (F2, 2130=63.00, p<0.01), and sites (F6, 2130=21.64, p<0.01) for the subtidal surveys with significant 386 interactions among all factors (Table S16 ; Fig. 8A-C) . Diversity tended to decline slightly from 387 the early to late bloom season (May-October) across all years and sites, however, no consistent 388 patterns were seen with respect to HS throughout the course of the surveys (Fig. 8C) . 389
The peaks in observed biomass between the intertidal and subtidal maximums varied 390 spatially. For example, within the intertidal, the greatest mean total algal biomass was observed 391 at Sylvia Drive during July-August 2006 (Fig. 5A) ; however the corresponding mean subtidal 392 biomass for that time period was comparable to the other survey sites (Fig. 7) . In contrast, 393 biomass peaks at Sandy Point occurred within the same months for both the intertidal and 394
subtidal. 395 396
Invertebrate Densities at Bloom Sites 397
The mud snail Ilyanassa obsoleta was the most common invertebrate in the intertidal and 398 subtidal macroalgal surveys (Tables S18-S24 ). Other commonly collected invertebrates included 399 crabs and shrimp. Mussels, limpets, fish, polychaetes, oysters, ctenophores, amphipods, isopods, 400 and clams were collected infrequently. 401
The density of Ilyanassa obsoleta (per m 3 ) and the density of all invertebrates excluding I. 402 obsoleta were positively correlated with the total subtidal biomass of macroalgae as well as the 403 subtidal biomasses of Ulva blade, Ulva tube, and Gracilaria spp. (Table S25) . 404 405
Macroalgal Correlations with Abiotic Parameters 406
Mean total macroalgal intertidal % cover (Spearman's ρ = 0.3462, p = 0.0138; Licht, unpublished data), will enable researchers to monitor larger geographical areas more 502
efficiently. These monitoring efforts should include frequent sampling of abiotic factors, 503 including nutrient concentrations, salinity, and precipitation, in order to determine the 504 relationship between macroalgal abundance and environmental conditions. This study 505 documented high variability in macroalgal abundance and diversity across month-groups, years, 506 sites, and even within individual sites in a eutrophic estuary. These findings highlight the 507 importance of long-term monitoring to improve the understanding of persistent multi-year 508 macroalgal blooms. 509
Management efforts, including the reduction of nitrogen pollution released from 510
WWTFs are necessary to decrease eutrophication in coastal systems. Rhode Island has invested 511 in significant WWTF upgrades in recent years; however, these treatment plants service a limited 512 amount of the watershed. For example, Warwick, RI (Greenwich Bay watershed) offers sewer 513 service to only 65% of its residents, and 3,000 residents that have the ability to connect to the 514 sewer system have not to date (City of Warwick, 2013). Further management efforts are required 515 to decrease nutrient inputs from point sources (e.g. WWTFs) and non-point sources throughout 516 coastal watersheds. Even with point source reductions, ecosystem recovery will take several 517 years to decades and may not return to pre-eutrophication status due to shifting baselines and 518 
